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ABSTRACT 
Rhizoctonia solani and the soybean cyst nematode (Heterodera glycines; SCN) 
are two soilborne pathogens that co-infest fields in soybean-producing states, 
contributing to significant yield reduction.  Both pathogens infect the soybean radicle 
early in the growing season causing pre- and post-emergence stand reductions.  The 
pathogens thrive in analogous environments, suggesting the potential for an interaction.  
Field and greenhouse studies were conducted to evaluate four fungicide seed treatments 
in multiple combinations to evaluate this interaction as well as early season control of the 
pathogens.  Seed treatments were applied to soybean cultivars that were resistant and 
susceptible to SCN.  Field studies were conducted at two Illinois locations (Urbana and 
Carmi).  In 2009, 2010, and 2011, at Urbana, IL and in 2011 at Carmi, IL, SCN HG type 
2.5.7 occurred naturally, and natural R. solani pressure in the soil was augmented with 
sterilized grain sorghum colonized by R. solani.  Soil samples were collected at spring 
planting and after fall harvest to determine SCN reproduction.  Soybean stand was 
evaluated, and roots from the field were collected for digital scanning and root analysis to 
measure disease symptom severity at the V1 growth stage.  R. solani root lesions were 
rated on a 0-5 scale at the V1 stage and used to produce a root rot index.  At the end of 
the season, harvest data were collected.  An infestation evaluation and a seed treatment 
evaluation were conducted in the greenhouse.  In the infestation evaluation, infestations 
with both a R. solani mycelial suspension and SCN HG type 2.5.7. population at zero, 
low, and high levels on resistant (S35-T9) and susceptible cultivars (S36-B6) were 
evaluated.  In the seed treatment evaluation, high levels of the mycelial suspension and 
SCN population were used to infest plots at planting to evaluate the control of four 
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fungicide seed treatment combinations on resistant and susceptible cultivars.  Initial plant 
emergence and sustained stand were assessed throughout plant growth.  At the end of the 
trial, plant height, dry plant and dry root weights, lesion ratings, root characteristics, and 
SCN reproduction factor (Rf) data were collected.  In the field, seed treatments with the 
active ingredient sedaxane were effective in reducing stand loss, root rot index, and yield 
losses in plots artificially infested with R. solani.  The effect of seed treatments in field 
root scan analysis was not clearly defined; however, treatments containing sedaxane 
generally had greater root length, surface area, average diameter, tips, forks, and volume 
among treatments in infested plots, though significant differences were not consistent.  In 
the greenhouse seed treatment evaluation, SCN Rf was greatest when seed treatments 
contained sedaxane, and the mean SCN Rf value in pots containing the mefenoxam + 
abamectin treated seed was not different from the mefenoxam-only control.  Average 
lesion ratings were lowest for seeds treated with mefenoxam + sedaxane + abamectin.  
Lesion ratings in the mefenoxam + sedaxane treatment were not different from those of 
the mefenoxam control, which was not consistent with the field results for root rot 
indices.  The SCN-resistant and SCN-susceptible cultivars in the field showed greater 
yields in non-infested plots; however, the resistant cultivar generally had greater yields 
than the SCN-susceptible cultivar among environments, though differences were not 
always significant.  Cultivar had a significant effect on root tips among environments, 
where S35-T9 had a greater number of root tips compared to S36-B6 at Urbana in 2010, 
with no differences in numbers of root tips at Urbana or Carmi in 2011.  The number of 
root tips for S36-B6 in infested plots was generally lower than that of S35-T9.  There was 
no cultivar effect in either of the two greenhouse evaluations.  There is not sufficient 
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evidence to conclude that an interaction between R. solani and H. glycines occurs.  
Research using additional evaluations and controlled environments should be pursued 
further in the field and greenhouse settings before claiming that an interaction does not 
exist.  Furthermore, this research showed sufficient evidence to claim that the active 
ingredient sedaxane was a highly effective seed treatment for the control of R. solani AG 
2-2 under both field and greenhouse conditions.    
 v 
 
ACKNOWLEDGMENTS  
 
I would first and foremost like to thank Dr. Carl Bradley for acting as my adviser.  
He tirelessly offered his utmost support in my research endeavors and the preparation of 
my thesis.  I am forever grateful for his patience and guidance, giving me every 
opportunity to succeed.  He is an outstanding plant pathologist, and his dedication to 
research and outreach is inspiring. 
I would like to express thanks to Keith Ames for his diligent technical support and 
guidance throughout my research in the field.  He never hesitated to go the extra mile or 
stay late to help finish a project.  Thanks are also extended to members of Dr. Bradley’s 
research team including Dianne Pedersen, Venkat Chapara, Jafe Weems, Spencer 
Thomas, as well as past and present undergraduates who contributed their time and effort 
to this project.  Other thanks go to Dr. Alison Colgrove for her guidance while working 
with SCN in the greenhouse; her patience and thoughtfulness never ceased. 
I am also grateful to the members of my graduate committee including Dr. Darin 
Eastburn, Dr. Terry Niblack, and Dr. Jason Bond.  Every minute they’ve dedicated to my 
project is greatly appreciated.  Whether it was Darin’s thought-provoking insight at my 
proposal meeting, Terry’s enthusiasm as she introduced me to this project and the 
nematology group, or Jason’s dedication and cooperation with field studies in the Carmi 
locations, their diversity brought a unique dynamic to my committee that I’m fortunate to 
have received.  Thank you all.  
I would also like to thank my many supportive friends and family members.  
Without your patience, love, support, and advice I may not have completed this project.  
 vi 
 
TABLE OF CONTENTS 
 
Introduction…………………………………………………………………………..........1 
Materials and Methods…………………………………………….……………………..15 
Results………………………………………………………………………..…………..26 
Discussion…………………………………………………………………….………….37 
Tables………………………………………………………………………….…………45 
Literature Cited………………………………………………………………….……….67 
 1 
 
INTRODUCTION 
 
In 2011, more than 83 million tonnes of soybeans (Glycine max) were produced 
on 30.3 million hectares in the United States (American Soybean Association, 2012).  
This accounts for 33% of the world’s total production, the highest among major soybean-
producing countries, which included Brazil, Argentina, China, and India.  Illinois 
produced over 11 million tonnes of soybeans in 2011, second to Iowa in the United 
States.  Worldwide, soybeans make up 68% of protein meal consumption (American 
Soybean Association, 2012).  This outweighed any other protein meal source by over 
50% in 2011, emphasizing the importance of and world dependence on soybean 
production.   
 Soybean yield can be influenced by several factors, including diseases.  Soybean 
cyst nematode (Heterodera glycines Ichinohe, SCN) is the most economically important 
soybean pathogen in the U.S. (Koenning & Wrather, 2010).  Although SCN may not 
cause specific symptoms, it is able to cause yield reductions up to 30% (Niblack et al., 
2004).  Rhizoctonia solani Kuhn is a soilborne fungal pathogen of soybean that can cause 
severe yield reductions to soybean.  Rhizoctonia root rot has been shown to reduce 
soybean yields in small research plots by up to 48% (Tachibana et al., 1971).  Worldwide 
estimates indicate Rhizoctonia root rot causes annual yield reductions of over 108,000 
metric tonnes (Wrather et al., 1997), ranking fourth in the United States for total losses 
among other diseases of soybean (Wrather et al., 2001).  Seedling diseases, including 
those caused by R. solani, ranked in the top six among diseases that suppressed soybean 
yield from 1996 to 2007 (Wrather and Koenning, 2009).    
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Heterodera glycines – Soybean Cyst Nematode.  An unknown disease of 
soybean in China was called “fire-burned seedling” by farmers until 1899 when this 
disease was first reported to be caused by H. glycines (Liu et al., 1997).  This pathogen 
was not described as a species until 1952.  Lemon-shaped cysts and other morphological 
characteristics placed the nematode in the genus Heterodera, and its economic host 
provided the species name, glycines (Ichinohe, 1952).  In 1954, SCN was observed for 
the first time in the U.S. in North Carolina (Winstead et. al., 1955).  Since then it has 
spread across the U.S and is now present in nearly every soybean producing state (Davis 
and Tylka, 2000).  In Illinois, SCN was first identified in 1959 (Zacharias et al., 1986).  
The most recent state in which SCN was identified was North Dakota in 2003 (Bradley et 
al., 2004).     
Symptoms and signs of SCN infection.  Heterodera glycines is able to cause 
significant yield losses in the absence of visible growth decline (Young, 1996).  Typical 
symptoms of severe SCN infections include above-ground stunting and chlorosis (Riggs 
& Niblack, 1999).  Syncytial cells can contribute to the restriction of secondary phloem 
and xylem (Noel, 2004).  Above-ground symptoms observed in the presence of SCN are 
often mistaken for those caused by other diseases (Niblack et. al., 2006).      
SCN females can be observed on soybean roots with the naked eye, and are a 
diagnostic sign of the pathogen.  These females on roots of soybean are yellow to white 
in color and shaped like a lemon.  Later in the season, the females die and become the 
brown-colored structures recognized as cysts (Riggs & Niblack, 1999). 
Heterodera glycines interactions with other organisms.  SCN has been referred 
to as an “ally” of other soybean pathogens and diseases, including sudden death 
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syndrome (caused by Fusarium virguliforme: SDS).  McLean and Lawrence (1993) 
reported that plants infected with both F. virguliforme and SCN developed foliar 
symptoms of SDS faster, showed more severe symptoms, and produced symptoms on 
more plants compared with plants infected with F. virguliforme only.  Xing and Westphal 
(2006) found that the presence of SCN caused increased root necrosis and foliar SDS 
severity in F. virguliforme-infested soil.  In an SCN- and SDS-susceptible cultivar, 
soybean plants defoliated slower in treatments that included one of the two pathogens 
compared to the co-infested treatment but defoliated faster than non-infested plots (Xing 
& Westphal, 2006).  Greenhouse factorial experiments were conducted by Gao et al. 
(2006) to evaluate interactions between SCN and F. virguliforme.  Contrary to previous 
reports, these studies did not indicate a significant effect of H. glycines on F. virguliforme 
root colonization, nor did the presence of SCN increase SDS symptom severity in the 
study (Gao et al., 2006).  Differences resulting from effects of cultivars, isolates, 
inoculum levels, and environmental conditions may be the source of dissimilarity in these 
results compared with other studies. 
A greenhouse study with SCN and Phialophora gregata (Synonym: Cadophora 
gregata, causal agent of brown stem rot: BSR) showed that the severity and incidence of 
P. gregata colonization progressed faster in the presence of H. glycines than it did in the 
absence of H. glycines, on both BSR-resistant and susceptible soybean cultivars (Tabor et 
al., 2003).  Sugawara et al. (1997) carried out greenhouse experiments and reported an 
increased incidence of BSR in cultivars susceptible to both pathogens.  The overall 
disease severity of BSR in this study was relatively low or not observed when plants were 
infested with only P. gregata, compared to up to 38.3% of stem length vascular browning 
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after infestation of both pathogens on BSR- and SCN-susceptible cultivars (Sugawara et 
al., 1997).  Growth chamber experiments evaluating the effect increased H. glycines 
populations had on the incidence and severity of both an aggressive and mild genotype of 
P. gregata (Tabor et al., 2006).  There was increased stem colonization by both the 
aggressive and mild P. gregata genotypes in the presence of high H. glycines populations 
compared with low H. glycines population density (Tabor et al., 2006).        
An interaction between SCN HG type 0 (race 3) and Phytopthora sojae race 1 
was reported by Adeniji et al. (1975).  The study reported higher seedling disease 
severity in a P. sojae race 1-susceptible cultivar in the presence of both pathogens 
compared to when P. sojae alone was present.  However, the effect was no more than 
additive.  The inoculation of soybean with both pathogens, with introduction of H. 
glycines 5 days or 10 days prior to P. sojae, inhibited H. glycines development on a 
cultivar susceptible to both pathogens (Adeniji et al., 1975).  
The presence of SCN was also reported to increase the colonization of soybean 
roots by Macrophomina phaseolina (causal agent of charcoal rot) (Todd et al., 1987).  
Results in this study showed root densities of plants infested with the fungus being 
positively correlated with nematode densities on soybeans susceptible to SCN HG type 0 
(race 3).  The use of SCN-resistant cultivars or a nematicide was associated with reduced 
M. phaseolina colonization compared with non-treated or SCN-susceptible cultivars.  
This study indicated the importance of stress from SCN in M. phaseolina development 
and charcoal rot incidence (Todd et al., 1987).  
The role that SCN plays in plant-pathogen interactions and the potential economic 
losses from these interactions underscore the need for continued research efforts on this 
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phenomenom.  As social, environmental, and economic factors continue to modify 
agriculture practices, understanding the biological dynamics of plants with their pests is 
vital to disease management (Bond & Wrather, 2004). 
Heterodera glycines life cycle.  SCN has a life cycle consisting of four juvenile 
stages before the formation of the adult.  Under optimum conditions this takes 14 to 28 
days, depending on soil temperature (Alston & Schmitt, 1988).  Development from one 
stage to the next is preceded by molting.  The first-stage juvenile (J1) molts within the 
egg.  The second-stage juvenile (J2) emerges from the egg and is attracted to leachates of 
the actively growing soybean root tip area (Papademetriou & Bone, 1983) where the 
nematode produces cellulases and other enzymes enabling it to enter the root and then 
move intracellularly (Davis et al., 2004; Hussey, 1987).  The J2 migrates to 
undifferentiated vascular tissue, where it initiates the formation of a specialized feeding 
site called a syncytium (Noel, 2004; Ross, 1958).  The syncytium serves as a metabolic 
sink where the nematode will remain sedentary and feed for the rest of its life (Niblack, 
2005).  Upon successful infection and initiation of the syncytium, the J2 swells into a 
“sausage stage” and molts in 3 to 4 days (Lauritis et al., 1983; Niblack, 2005).  A 
difference between the male and female morphologies, known as sexual dimorphism, is 
evident in the J3 stage.  The J3 stage is short-lived, lasting around 24 hours for males and 
48 hours for the females (Lauritis et al., 1983).  Males have not been reported to feed 
after the J3 stage.  J4 nematodes are formed and emerge 6 to 7 days later.  A final molt to 
adulthood occurs 8 to 9 days later for males, where morphology returns to a vermiform 
shape.  J4 females molt into adults after 9 to 10 days and continue to feed and swell at the 
syncytia (Lauritis et al., 1983; Niblack, 2005).   
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Vermiform males that leave the root fertilize the females.  This initiates the 
production of a gelatinous matrix containing eggs that will hatch that season.  Sipes et al. 
(2002) observed production of 40 to nearly 700 eggs in the matrix and cyst combined.  
As the female matures, her egg-filled body becomes a yellow shade and continues to 
darken until she dies and is dislodged from the roots with her body wall serving as a cyst 
(Niblack et. al., 2006).  The tanned, brown cyst serves as the overwintering structure, 
where the remaining eggs can be retained for at least nine years before hatching (Inagaki 
& Tsutsumi, 1971).   
Optimal conditions for SCN infection are mainly influenced by temperature, 
moisture, and host status, and coincide with the conditions suitable for soybean growth 
(Niblack et. al., 2006).  Optimum soil temperatures for different nematode growth stages 
are 24º C for embryogenesis and hatching eggs, 28º C for root penetration, and 28-32º C 
for juvenile and adult development.  Temperatures below 15º C or above 35º C usually 
inhibit development (Schmitt & Riggs, 1989).   
Distribution of Heterodera glycines.   Agricultural equipment, wind, water, 
birds, or anything that moves dust or soil peds are capable of spreading SCN cysts.  The 
nematode has little ability to move large distances on its own within soil (Prot & 
Netscher, 1979; Gavassoni et al., 2001).  Since its first report in 1899, H. glycines was 
later reported in Korea (1936), Manchuria (1938), United States (1954), and Egypt 
(1968) and currently occurs in most countries where soybeans are produced (Riggs, 
2004).  Riggs (1977) further describes the ability of SCN to be spread rapidly where it 
was reported in a small part of one county in the U.S. in 1957, three counties in 1960, 
five more counties by 1964, and by 1969, 24 counties were infested. 
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Heterodera glycines management.  There is no way to prevent or protect an area 
from infestation by SCN other than avoidance of host crops.  Sanitation of equipment and 
exclusion of contaminated plant materials are two of the leading options to prevent 
spreading the pathogen.  The best management options for limiting SCN population 
densities in infested fields are planting SCN-resistant soybean cultivars and rotating with 
non-host crops.  When SCN is confirmed in a field, a management plan to reduce the 
SCN levels should be incorporated, including the need for more than one year with 
different host crops such as corn, oat, or alfalfa (Miller et al., 2006).  
A race test was first developed in 1969 in order to differentiate major phenotypic 
groups of SCN for host compatibility within the species.  This first test was based on the 
comparative development of females SCN on four differential soybean lines (Golden et 
al., 1970).  A scheme limited to only four races was soon found to be inadequate and led 
to Riggs and Schmitt (1988) describing a total of 16 possible races.  The race test was not 
intended to assess resistance or separate H. glycines genotypes within populations 
(Niblack et al., 2002).  Subsequently, a revised method to describe certain “types” of H. 
glycines populations was developed and is known as the HG Type test (Niblack et al., 
2002).  
The HG Type is a numerical designation referring to the resistant sources in 
soybean germplasm lines on which SCN is able to develop.  In order to identify the HG 
Type of a population, a bioassay is conducted and the population is identified according 
to the number associated with soybean indicator lines on which it is virulent (Niblack et 
al., 2006).  Seven indicator lines represent sources of resistance and aid in the 
classification of genetically diverse populations of H. glycines (Niblack et al., 2002).   
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In general, three sources of host resistance are utilized for management of SCN: 
“Peking” (Plant Introduction [PI] 548402), PI 437654, and PI 88788 (Niblack et al., 
2006).  Each of these lines responds to SCN in a specific way, all resulting in partial or 
complete control of syncytial development (Kim & Riggs, 1996; Endo, 1998).  Delayed 
growth or death of the nematode results from interference with the development of the 
feeding site.  In order to evaluate resistance, an assessment is performed to obtain the 
female index (FI).  This index is the percentage of females that develop on a test cultivar 
relative to those that develop on the susceptible standard ‘Lee’. 
Schmitt and Shannon (1992) characterized resistance into four categories: FI <10, 
resistant (R); FI=10-29, moderately resistant (MR); FI=30-59, moderately susceptible 
(MS); and FI ≥ 60, susceptible (S).  Niblack et al. (2009) used this scale to recommend 
labeling of the soybean cultivars for resistance level to SCN according to the FI value.   
When resistant cultivars are unavailable or ineffective, nematicides are an option 
for protection as soil-applied liquid fumigants or water-soluble seed treatments.  
However, this effectiveness lasts only 2-4 weeks due to evaporation, decomposition, or 
leaching (Wrather et al., 1984) and can pose environmental risk.  These nematicides are 
rarely cost effective, limited in number, and difficult to apply.  As a result, soil applied 
nematicides are seldom recommended, and crop rotation and resistance are suggested for 
the most reliable management (Niblack et al., 2006).  The use of seed treatments has 
increased rapidly due to the convenience and reduction in additional chemical 
applications.  Two seed treatment nematicide products, recently registered for control of 
soybean cyst nematode, are Avicta (Syngenta Crop Protection) and Votivo (Bayer 
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CropScience).  Avicta contains the nematicidal active ingredient abamectin, and Votivo 
contains the biological control bacterium Bacillus firmus.  
Rhizoctonia solani – causal agent of Rhizoctonia root rot.  After observing 
fungal growth on diseased potato tubers, Julius Kühn first isolated Rhizoctonia solani in 
1858 (Kühn, 1858).  R. solani is a basidiomycete fungus that does not produce any 
asexual spores, and a sexual stage occurs infrequently as the teleomorph, Thanatephorus 
cucumeris (Frank) Donk.  Isolates of R. solani possess the following characteristics: 
brown hyphal pigmentation, young vegetative hyphal branching near the distal septum of 
cells, constriction near hyphal branch origins, dolipore septa, and multinucleate cells in 
young hyphae (Parmeter and Whitney, 1970).  Microsclerotia and hyphae serve as forms 
of primary inoculum.  Anastomosis groups (AG) give insight on the phylogeny of R. 
solani.  When two isolates of R. solani are exposed to one another, hyphae fuse together 
if they are in the same AG.  An event known as the “killing reaction” accompanies 
hyphal fusion in some cases, where five to six cells on either side of the newly fused cells 
vacuolate and die (Flentje et al., 1967).  If fusion between two isolates does not occur, 
they are in different AGs.  There are presently nine AGs, with one group (AG-2) divided 
into two subgroups for a total of ten distinctive groups (Ogoshi, 1987).  Isolates of each 
AG is associated with specific symptoms on one or more hosts (Anderson, 1982).  The 
majority of isolated R. solani cultures from diseased soybeans have been placed in either 
AG-1 or AG-4 (Anderson, 1982).  Isolates from plants other than soybeans have been 
proven pathogenic to soybeans with artificial inoculation and assigned to AG-2 (Bell and 
Sumner, 1982) and AG-5 (Bolkan and Ribeiro, 1985).  R. solani AGs 3, 6, 7, and 11 have 
all been reported to infect soybean (Baird et al., 1996; Carling et al., 1994; Meyer et al., 
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1998; Nelson et al., 1996).  Liu and Sinclair (1991) identified isolates pathogenic to 
soybean as AG-2 and designated them further into AG-2-2. 
Symptoms and signs of Rhizoctonia root rot.  A common symptom of 
Rhizoctonia root rot of soybean includes reddish brown sunken lesions, or cankers, on the 
roots and hypocotyls of soybean seedlings and adult plants.  Preemergence symptoms are 
typical of a seed rot and often not recognized or visible, but contribute to stand losses.  
Lesions typically remain small, but ideal environmental conditions promote girdling of 
the stem, causing “damping off” symptoms.  Older plants can be affected later in the 
growing season appearing stunted, light green in color, with poor root systems and 
decayed lateral roots (Yang, 1999).  
Microsclerotia of R. solani are compact bodies of aggregated melanized hyphae 
that assist in prolonged survival by providing protection against biological and chemical 
degradation.  Environments of high humidity or condensed moisture favor development 
of microsclerotia.  Upon formation, they appear light brown in color and become black as 
they mature.  In culture, microsclerotia can reach up to 6 mm in diameter and maintain a 
generally globose shape (Sumner, 2006).   
Rhizoctonia solani interactions with nematodes.  Different anastomosis groups 
of R. solani diversify the host range of the disease, thus providing an opportunity for 
associations with a wide variety of pathogens.  In wheat, R. solani AG-8 is known to 
cause bare patch symptoms (Sneh et al., 1991).  Meagher and Chambers (1971) evaluated 
the interaction between R. solani AG-8 and Heterodera avenae, the cereal cyst nematode.  
The combined effect of both pathogens resulted in complete primary root discoloration 
and nearly complete suppression of secondary root development.  All R. solani- and H. 
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avenae-infested plants produced fewer tillers and shorter plants than non-infested 
controls, but tillering and fresh weight were significantly reduced when both pathogens 
were present in combination.  A greenhouse experiment (Meagher et al., 1978) showed 
greater growth reductions in wheat seedlings infested with both R. solani and H. avenae 
compared with either pathogen alone.  Tiller length was also significantly reduced by the 
combination of both pathogens compared with controls and single pathogen inoculation.  
The interaction between R.solani AG-2-2 and the beet cyst nematode, Heterodera 
schachtii was evaluated in sugar beets by Hillnhütter et al. (2011).  A reduction in fresh 
leaf, beet and lateral root weight was observed in the concomitant inoculation of H. 
schachtii and R. solani compared with the control and inoculations of each pathogen 
singly.  Root rot severity was higher in the concomitant treatment than when R. solani 
was inoculated alone.  Synergism was observed with sequential inoculation of pathogens; 
pre-inoculation with R. solani followed by delayed inoculation of H. schachtii led to a 
significant reduction in beet fresh weight compared with the control.  In both the 
concomitant and sequential inoculation experiments, R. solani had a negative effect on 
the number of H. schachtii eggs and J2s per plant.  Hillnhütter et al. (2012) confirmed the 
assumption that fungal penetration was stimulated by nematode root damage by using 
non-destructive MRI technology for the first time to detect symptoms of H. schachtii on 
sugar beet.  By observing plants inoculated with R. solani and the beet cyst nematode, 
MRI images show that Rhizoctonia root and crown rot developed below and above the 
inoculation site, compared to plants inoculated only with R. solani where symptom 
development occurred above the inoculum exclusively. 
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Potato cyst nematodes, Globodera rostochiensis and Globodera pallida have been 
shown to interact with R. solani AG-3.  Positive relationships were consistently found 
between G. rostochiensis densities and R. solani infection in field studies (Back et al., 
2006).  The most consistent relationship was seen between the invasion of potato roots by 
G. rostochiensis juveniles and the percentage of R. solani-infested stolons, particularly at 
6 weeks after planting.  Bhattarai et al. (2010) saw significantly greater numbers of both 
infected stolons and percentage of stolons pruned in plants inoculated with high levels of 
G. pallida J2s and R. solani AG-3, compared to a low density of G. pallida and R. solani, 
or R. solani alone.  Two populations of G. pallida were used to demonstrate the effect of 
slow-hatching versus fast-hatching eggs.  Comparison means of all harvest dates showed 
greater R. solani stem canker disease on plants that had been inoculated with the fast-
hatching population of G. pallida and R. solani compared to the combination including 
the slow-hatching population, or R. solani alone.  
Rhizoctonia root rot disease cycle.  The disease cycle of R. solani begins with 
overwintering microsclerotia in plant tissue or the soil.  The fungus is also a saprophyte 
and can survive as mycelia colonizing the organic matter in soil.  Optimal temperatures 
between 18°C to 28°C with prolonged periods of high relative humidity result in the 
formation of runner hyphae.  This coincides with the response to chemicals that come 
from actively growing plant cells or decomposing debris.  The dome-shaped cushions 
infect by simultaneous formation of numerous fine penetration pegs that are in contact 
with the cuticle and epidermis of the plant (Dodman & Flentje, 1970).  Initial infection of 
the hypocotyl can occur either intercellularly or by direct penetration into the cell wall 
and into the cell lumen (Christou, 1962).  Intracellular mycelial development follows 
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initial penetration and hyphae continue to move into the endodermis (Van Etten et al., 
1967).  
Rhizoctonia solani distribution.  R. solani has been reported in all soybean 
producing areas in the world.  On soybean, yields in small research plots have been 
reduced by up to 48% (Tachibana et al., 1971).  Worldwide estimates show Rhizoctonia 
root rot to cause a yield reduction of over 108,000 metric tons (Wrather et al., 1997), 
ranking fourth overall in the United States for total losses among other diseases of 
soybean (Wrather et al., 2001).  Seedling diseases including Rhizoctonia root rot, stem 
rot, and damping off ranked in the top six among diseases that suppressed soybean yield 
from 1996 to 2007 (Wrather and Koenning, 2009). 
Rhizoctonia solani management.  Management of R. solani can be a challenge; 
crop rotation and tillage provide limited management because microsclerotia persist for 
several years and R. solani has a wide host range.  Bradley et al. (2001) evaluated 90 
ancestral lines and 700 commercial soybean cultivars for resistance to R. solani under 
greenhouse conditions.  Partial resistance was found in 21 ancestral lines and 20 
commercial cultivars, with no lines showing complete resistance.  Management factors 
for R. solani such as temperature, moisture, and seed treatments were evaluated by 
Dorrance et al. (2003).  Temperature did not affect percent stand or root rot rating for the 
isolates in this study; however, there was an increased number of hypocotyl lesions as 
temperature increased.  Available moisture did not affect root rot, regardless of isolate 
used.  None of the seed treatments used in the experiment were effective in preventing 
stand losses or reducing root rot consistently across the nontreated, inoculated control 
across all isolates.  These results suggest that management efforts aimed at influencing 
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soil moisture or temperature are unlikely to be effective due to the broad temperature and 
moisture range of R. solani.  Ongoing research of seed treatment controls for R. solani 
continues and the active ingredient sedaxane has been determined to be effective for 
control of R. solani AG-1, AG2-2IIIB, AG-3, AG-4, and AG-5 (Zeun et al., 2012).  
Continued research of host resistance to R. solani in soybean is increasingly important as 
an alternative route of disease control.  Without management, stands may not be 
established due to damping off, or stunted plants at midseason could reduce yields 
(Mazzola et al., 1996). 
There have been several reports of both R. solani and Heterodera glycines 
interacting with other nematodes and fungal pathogens of soybean, respectively, 
encouraging the evaluation of these pathogens together.  No reports of an interaction 
between R. solani and H. glycines have been published to date.  The objective of this 
study was to determine if an interaction occurs between R. solani and H. glycines when 
they coinfest soybean plants.   
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MATERIALS AND METHODS 
Experiements were conducted in the field, greenhouse, and laboratory to evaluate 
interactions between Heterodera glycines and Rhizoctonia solani. 
 
Urbana and Carmi, IL Field Experiments 
General trial information.  Field trials were conducted near Urbana, IL (east-
central Illinois) in 2009, 2010, and 2011.  The trials were planted 30 May 2009, 27 May 
2010, and 18 May 2011.  A similar field trial near Carmi, IL (southeastern Illinois) was 
planted 18 May 2011.  Plots were 4 rows wide (76 cm row spacing), 4.6 m long, and 
planted at a population of 44.5 seeds/m
2
 at all locations.  The previous crop was soybean 
for the 2009, 2010, and 2011 trials in Urbana, and corn was planted prior to the 2011 
field trial at Carmi.  The fields were naturally infested with H. glycines (HG type 2.5.7).  
For weed control at Carmi, sulfentrazone + cloransulam-methyl at 0.32 kg a.i./ha 
(Authority First DF, FMC Corporation), metolachlor at 1.49 kg a.i./ha (Dual Magnum, 
Syngenta Crop Protection), and glyphosate at 1.55 kg a.i./ha (Roundup PowerMax, 
Monsanto Company) were applied pre-emergence on 12 May 2011.  Post emergence 
herbicide application was fomesafen at 0.22 kg a.i./ha (Flexstar, Syngenta Crop 
Protection) and cloransulam-methyl at 0.002 kg a.i./ha (Firstrate, Dow AgroSciences) on 
6 July 2011.  At Urbana, glyphosate at 1.45 kg a.i./ha (Roundup Powermax, Monsanto 
Company) was applied pre-emergence on 28 May 2009.  Dimethenamid-P at 0.94 kg 
a.i/ha (Outlook, BASF Corporation) and imazethapyr at 0.07 kg a.i./ha (Pursuit, BASF 
Corporation) were applied 25 May 2010 and 16 May 2011.  Post emergence herbicide 
application in Urbana was made with glyphosate at 1.17 kg a.i./ha (Touchdown, Syngenta 
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Crop Protection) 26 August 2009, 4 June 2010, and 13 June 2011.  Plots were not 
irrigated at either location.  The treatment design was a 2 cultivar × 2 infestation × 4 seed 
treatment split-plot factorial experiment arranged in a randomized complete block design 
(RCBD) with 4 replications. 
R. solani inoculum.  R. solani inoculum was prepared for the field by soaking 
white sorghum [Sorghum bicolor (L.) Moench] seeds in deionized (DI) water for 16 
hours.  Water was drained and seeds (4 kg) were placed in 61 × 91 cm autoclave bags 
(Fisher Scientific, Pittsburgh, PA), autoclaved at 121˚C at 20 psi for 60 minutes, and after 
24 hours the seeds were autoclaved again for 60 minutes and cooled to room temperature.  
A culture of R. solani isolate 65-L2 (American Type Culture Collection accession no. 
66489) (AG-2-2), originally isolated from soybean in Illinois (Liu and Sinclair, 1991), 
that completely colonized potato dextrose agar (PDA, Difco Laboratories, Detroit, MI) 
was cut into 1 × 1 cm sections and added to each bag of cooled sterilized sorghum seeds.  
A sterilized foam plug (Fisher Scientific, Pittsburgh, PA) was placed in the opening of 
each bag and zip-tied in place to allow air circulation.  Bags were shaken daily to mix the 
R. solani inoculum and sorghum seeds.  The bags were incubated at room temperature 
(approximately 22˚C) for two weeks.  Once R. solani had completely colonized the 
sorghum seeds, the inoculum was dried in a BlueM dryer (SPX Corporation, Rochester, 
NY) at 24˚C for 18-24 hours.  Once dry, inoculum was stored in sewn, heavy-weight 
paper bags at 4˚C.  The R. solani-infested sorghum seeds were ground using a no. 60 
power grist mill (C.S. Bell Co., Tiffin, OH) and mixed with the soybean seeds in 16 × 9 
cm coin envelopes.  The infested sorghum mill and soybean seeds were then planted with 
a field research plot planter at a rate of 25 ml infested sorghum per row at a depth of 3.8 
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cm.  In total, half of the plots were inoculated with R. solani-infested sorghum at each 
location.    
Soybean cultivars.  Cultivars NK S36-B6 (3.6 relative maturity, RM) and NK 
S35-T9 (3.5 RM) (Syngenta Seeds, Minnetonka, MN) were planted.  Cv. S36-B6 was 
susceptible (S) to SCN, and cv. S35-T9 was resistant (R) to SCN.  Resistance to SCN in 
cv. S35-T9 came from Plant Introduction (PI) 88788. 
Seed treatments.  Multiple seed treatments utilizing several modes of action, 
active ingredients, and chemistries were applied to soybean seeds separately and in 
various combinations.  Mefenoxam (Apron XL, Syngenta Crop Protection) was applied 
at a rate of 15 g a.i./100 kg seed.  A member of the acylalanines class of fungicides, 
mefenoxam is commonly used to control seedling diseases caused by oomycete 
pathogens (Hewitt, 1998; Uesugi, 1998).  Abamectin (Avicta 500 FS, Syngenta Crop 
Protection) was applied at a rate of 0.15 mg a.i./seed to control early season nematode 
damage (Putter et al., 1981).  Sedaxane (Vibrance, Syngenta Crop Protection) was 
applied at a rate of 10 g a.i./100 kg seed,) to control R. solani AG-2-2.  The 
aforementioned products were used in multiple combinations: mefenoxam + abamectin; 
mefenoxam + sedaxane; and mefenoxam + abamectin + sedaxane.  The mefenoxam-only 
treated seed served as the control.  Seed treatment combinations and application rates are 
listed in Table 1.   
 Root evaluations.  Three plants were collected from one of the outside rows of 
each plot at 21 days after planting (DAP) (approximately soybean developmental stage 
V1) in Carmi in 2011.  Plants were collected from the Urbana plots at 31, 12, and 14 
DAP in 2009, 2010, and 2011, respectively.  Roots were then soaked in water for 24 
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hours to make soil removal less detrimental to root integrity.  The plant shoot (tissue 
above soil line) was cut off and discarded, and the root system (tissue below the soil line) 
was retained.  Three root systems from each plot were placed in a clear plastic tray, 
immersed in DI water, and digitally scanned with a flatbed scanner (Epson Expression 
10000XL, Epson American, Inc., Long Beach, CA) at 400 dpi with a pixel size of 0.063 
mm.  Root length, root surface area, average root diameter, root volume, number of root 
tips, and number of root forks or branches were evaluated with specialized software 
(WinRHIZO Pro2007d, Regent Instruments Inc., Quebec Canada) and procedures 
described by Ortiz-Ribbing and Eastburn (2003) were followed.  A mean value of each 
measurement was calculated for each plot.  
 Disease Evaluations.  The three roots used for digital analysis mentioned above 
were observed for disease and severity ratings following scanning.  R. solani lesions were 
rated based on a 0-5 scale developed by Cardoso and Echandi (1987) where: 0 = no 
lesions; 1 = lesions ≤ 2.5 mm; 2 = lesions 2.5 to 5.0 mm; 3 = lesions ≥ 5 mm; 4 = lesions 
girdling plant/ leaves wilting; 5 = damped off or dead seedling.  A root rot index (0 to 
100 scale) was calculated as: (% incidence x (severity)/5).    
 Soil samples were taken at the beginning (spring) and at the end (fall) of the 
season at all locations.  Spring soil samples at Carmi were taken on 2 June 2011, and fall 
samples were taken 25 October 2011.  In Urbana, spring samples were collected on 30 
May 2009, 1 June 2010, and 24 May 2011, and fall samples were collected on 21 October 
2009, 8 October 2010, and 6 October 2011.  Ten to fifteen samples were collected in a 
zig-zag pattern from each plot with a soil probe pushed to a depth of 15 to 20 cm.  The 
soil peds were mixed and broken down in a sealed plastic bag then stored in a cold room 
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at 4˚C prior to counting nematode eggs.  SCN female cysts were extracted from each 
sample with a semi-automatic elutriator (Byrd et al., 1976).  Eggs were ground and 
released from cysts with a stopper-bit assembly described by Faghihi and Ferris (2000), 
and then stained with acid fuschin (Hooper, 1986).  A 5 ml aliquot was then removed 
from the 100 ml sample of eggs and ground soil particles.  Eggs were counted with a 
dissecting microscope at 40X magnification, and the count number was then multiplied 
by the dilution factor to get the final egg count per 100 cm
3
 soil.  The final fall egg counts 
were divided by the initial spring egg counts to calculate the SCN reproduction factor 
(Rf).  An Rf > 1.0 is indicative of SCN numbers increasing during the growing season; 
Rf values < 1.0 indicate that SCN numbers declined. 
 Plant stand, protein and oil concentration, and grain yield.  In Carmi at 16 
DAP, and Urbana at 31, 12, and 12 DAP for 2009, 2010, and 2011, respectively, plant 
stand was evaluated after the number of emerged plants in 3 m of row length in the two 
middle rows of each plot.  This number was then converted to plants/m
2
.  The middle two 
rows of each plot were harvested with a small plot combine on 16 October 2011 in Carmi 
and 21 October 2009, 8 October 2010, and 6 October 2011 in Urbana.  Harvested seed 
samples from each plot were collected and taken back to the laboratory.  Seed weight and 
percent moisture was determined and used to adjust yield to 13% standard moisture on a 
kg/ha basis.  Initial seed moisture was determined with a Burrows Digital Moisture 
Computer 700 (Seedburo Equipment Co., Des Plaines, IL).  Protein and oil 
concentrations were determined with an Infratec 1229 grain analyzer (FOSS North 
America, Inc., Eden Prairie, MN).   
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 Statistical analyses.  Data were analyzed with SAS software (version 9.3, SAS 
Institute Inc., Cary, NC).  The mixed models procedure (PROC MIXED) was used to 
make estimates comparing fixed effects.  Cultivar, seed treatment, and R. solani 
infestation were considered fixed, while environment was considered a random effect 
with blocks nested within each environment.  Residuals were examined with the Shapiro-
Wilk test for normality (α = 0.01) with the univariate normal procedure (PROC 
UNIVARIATE NORMAL).  Homogeneity of variance was examined with the Brown-
Forsythe test (α = 0.05) using the general linear model procedure (PROC GLM).  
Backward selection was employed, where at each step the variable with the highest p-
value in the type-3 ANOVA table was removed until every variable was considered 
significant at P ≤ 0.1.  Any main effect or lower order interaction term that was in a 
higher interaction term was automatically included.  The macro, PDMIX800 was used to 
format the pair-wise differences from the PDIFF option in the LSMEANS statement in 
PROC MIXED, creating groups of similar means for fixed effects, designated by letters 
(Saxton, 1998).  Estimate statements and Best Linear Unbiased Predictions (BLUPs) 
were used to compare least-square means (LSMEANS) for random effects.  Terms and 
estimates were considered significant at P ≤ 0.05.
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Greenhouse Experiments 
Seed treatment evaluation.  The seed treatment experiment was a 2 × 4 factorial where 
the factors were cultivar (S35-T9 and S36-B6), and seed treatment, respectively.  All pots 
received a high level of both pathogens.  The experimental design was a randomized 
complete block design (RCBD) with six replications/ blocks.  The experiment was 
repeated once over time.  1,000 cm
3
 tri-corner beakers were filled with approximately 
950 cm
3
 steam-pasteurized Torpedo sand: soil (2:1) mixture.  A wooden dowel was used 
to make a hole approximately 0.5 cm wide and 3.5 cm deep in each beaker.  Seeds were 
placed in each hole and a mycelial suspension (prepared using protocol described below) 
of R. solani inoculum was pipetted on one side of the seedling hole; 2 ml of a suspension 
containing 10,000 H. glycines eggs/ml, (obtained with the protocol described below) was 
pipetted into the opposite side.  Pots were placed in a water bath apparatus (Esco Cabinet 
Co., West Chester, PA) at a controlled temperature of 27 ± 3˚C and plants were grown 
under a 16 h photoperiod.  Air temperature remained at approximately 25˚C.  Pots were 
watered gently to saturation after planting, and once daily thereafter for thirty days.  
 H. glycines culture.  An HG-type 2 isolate of H. glycines was maintained in the 
greenhouse at 27 ± 1 ˚C for 30 days on soybean cultivar Lee.  Females and cysts were 
extracted from the roots and soil after each pot was immersed individually in a bucket of 
water to gently remove roots from soil.  Roots were then placed on nested 20-mesh (850-
µl diameter aperture) over 60-mesh (250-µl diameter aperture) sieves, and female 
nematodes and cysts were dislodged with water spray (Niblack et al., 2002).  Females 
and cysts on the 20- mesh sieve were rinsed into the 60- mesh sieve and manually 
ruptured with a rubber stopper to release eggs, which were collected on a 500- mesh (25-
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µl diameter aperture) sieve and then separated from debris by sucrose centrifugation 
(Jenkins, 1964).  Eggs were then rinsed into a 500-ml beaker and diluted to the desired 
concentration (eggs/ml).   
 Mycelial suspension preparation.  A 5 mm-diameter plug of R. solani isolate 
65L-2 was transferred to a 9 cm-diameter petri dish containing PDA and grown for 2 
days at 22˚C.  A 5 mm-diameter plug taken from the edge of the fresh colony was then 
transferred to a 9 cm-diameter petri dish containing PDA.  After 5 days of growth at 22 
˚C, the agar and fungal cultures were macerated in 1 liter deionized (DI) water for 15 
seconds in a commercial blender (Waring Products Corporation, New York, NY).   
Plant evaluations.  At the conclusion of the trials, 30 DAP, plant height was 
measured from the soil line to the top of the plant and recorded.  Plants were cut and 
weighed, then dried in a BlueM dryer (SPX Corporation, Rochester, NY) for 48 h at 
22˚C, and dry weight was then recorded.   
 Root evaluations.  Roots from each pot were collected following H. glycines egg 
extraction at the conclusion of the trials.  Each was scanned and analyzed with root 
analysis software as described for the field studies.  After scanning, each root was dried 
as described for shoots, and dry root weight was recorded.   
 Disease evaluations.  Emergence was evaluated and recorded at 13 DAP, and 
damping off/vigor ratings were recorded at 13 and 29 DAP.  A 0-to-2 scale was used to 
rate plants where 0 = emerged, healthy plant, 1 = emerged plant, damped off or dead, 2 = 
no emergence.  R. solani lesions were rated based on a 0-5 scale developed by Cardoso 
and Echandi (1987) where: 0 = no lesions; 1 = lesions ≤ 2.5 mm; 2 = lesions 2.5 to 5.0 
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mm; 3 = lesions ≥ 5 mm; 4 = lesions girdling plant/ leaves wilting; 5 = damped off or 
dead seedling.  
 Soil from each pot was retained and SCN cysts and eggs were removed as 
described by Niblack et al. (2002).  Cysts were then ground, stained, and counted as 
described for field studies. 
R. solani and SCN infestation evaluation.  The experiment was a 2 × 3 × 3 
factorial where the factors were cultivar (S35-T9 and S36-B6), R. solani infestation level 
(zero, low, high), and SCN infestation level (zero, low, high).  The number of R. solani-
infested PDA plates macerated with DI water determined the infestation levels; for the 
low level treatment PDA and mycelia from one plate were macerated in 1 L DI water, 
while in the high level treatment PDA and mycelia from five plates were used.  SCN low 
and high levels were 2,000 eggs/2 ml suspension and 20,000 eggs/2 ml suspension, 
respectively.  The experimental design was a randomized complete block design (RCBD) 
with three replications.  The experiment was repeated once over time.  Tri-corner beakers 
(1,000 cm
3
) were filled with approximately 950 cm
3
 of a steam-pasteurized torpedo 
sand:soil (2:1) mixture.  A wooden dowel was used to make two holes approximately 1 
cm wide and 3.8 cm deep in each beaker.  One seed was placed in each hole and covered, 
and then the soil was watered to saturation and then watered once daily thereafter.  Plants 
were thinned to one plant per pot after emergence.  When plants were at growth stage VE 
(approximately 5 DAP), four holes approximately 0.5 cm in diameter and 2 cm deep were 
made in the soil around each soybean hypocotyl with a wooden dowel.  A syringe was 
used to inoculate on and around the hypocotyl with three levels (0, 1, and 5 culture 
plates) of R. solani mycelial suspension in two of the four holes.  R. solani mycelial 
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suspension was initiated using protocol described below.  A pipette was used to infest the 
remaining two holes around the hypocotyl with 2 ml of suspension containing 0, 2,000, 
and 20,000 H. glycines eggs.  Pots were placed in a water bath apparatus (Esco Cabinet 
Co., West Chester, PA) to maintain a constant root-zone temperature of 27 ± 3˚C and 
grown under a 16 h photoperiod.  Air temperature remained at approximately 25˚C.  
Plant, root, and disease evaluations were conducted as described previously for the 
greenhouse infestation experiment.      
Statistical Analyses 
Seed treatment evaluation.  Data were analyzed with SAS software (version 9.3, 
SAS Institute Inc., Cary, NC).  The mixed models procedure (PROC MIXED) was used 
to make estimates comparing fixed effects.  Cultivar and seed treatment were considered 
fixed effects.  Block was included in the model as a random effect, nested within trial.  
There was not a significant (P = 0.05) trial effect, so data were pooled and analyzed 
together.  Residuals were examined with the Shapiro-Wilk test for normality (α = 0.01) 
and the univariate normal procedure (PROC UNIVARIATE NORMAL).  Homogeneity 
of variance was examined with the Brown-Forsythe test (α = 0.05) and the general linear 
model procedure (PROC GLM).  The macro, PDMIX800 was used to format the pair-
wise differences from the PDIFF option in the LSMEANS statement in PROC MIXED, 
creating groups of similar means for fixed effects, designated by letters (Saxton, 1998).  
Terms and estimates were considered significant at P ≤ 0.05. 
R. solani and SCN infestation evaluation.  Data were analyzed with SAS 
software (version 9.3, SAS Institute Inc., Cary, NC).  The mixed models procedure 
(PROC MIXED) was used to make estimates comparing fixed effects.  SCN Rf data were 
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normalized with natural log transformation.  Cultivar, SCN infestation level, and R. 
solani infestation level were considered fixed effects.  Block was included in the model 
as a random effect, nested within trial.  There was not a significant (P = 0.05) trial effect 
so data were pooled and analyzed together.  Residuals were examined with the Shapiro-
Wilk test for normality (α = 0.01) using the univariate normal procedure (PROC 
UNIVARIATE NORMAL).  Homogeneity of variance was examined using the Brown-
Forsythe test (α = 0.05) using the general linear model procedure (PROC GLM).  The 
macro, PDMIX800 was used to format the pair-wise differences from the PDIFF option 
on the LSMEANS statement in PROC MIXED, creating groups of similar means for 
fixed effects, designated by letters (Saxton, 1998).  Terms and estimates were considered 
significant at P ≤ 0.05. 
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RESULTS 
Field Experiments 
 Based on the analysis, the interactive effects of environment × R. solani 
infestation and environment × seed treatment × R. solani infestation were significant (α = 
0.05) for plant stand (Table 2).  At Urbana in 2009, the mefenoxam + sedaxane and the 
mefenoxam + sedaxane + abamectin treatments had greater plant stands than the 
mefenoxam and the mefenoxam + abamectin treatment in R. solani infested plots (Table 
3).  All treatments in non- R. solani infested plots had greater plant stands than the R. 
solani infested plots, and stands in both the mefenoxam + abamectin and mefenoxam + 
abamectin + sedaxane treated plots had greater plant stands than in the mefenoxam 
control plots and mefenoxam + sedaxane plots (Table 3).  At Urbana in 2010 and 2011, 
treatments containing sedaxane in R. solani infested plots had greater plant stands 
compared with the mefenoxam control and mefenoxam + abamectin treatments, and the 
mefenoxam + abamectin treatment had the lowest plant stand among treatments.  There 
was no significant difference among treatments in non-infested plots, but stand was 
greater in the non-infested plots compared with the infested plots (Table 3).  At Carmi in 
2011, only mefenoxam + abamectin had lower plant stands than the mefenoxam control 
in infested plots (Table 3).  Mefenoxam + sedaxane and mefenoxam + sedaxane + 
abamectin had greater plant stands than treatments not containing sedaxane.  The 
mefenoxam + sedaxane + abamectin treatment effect on plant stand in infested plots was 
not different from the seed treatments in non-infested plots.  No differences in plant stand 
were detected in non-infested plots among the treatments. 
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The main effect of R. solani infestation and the interactive effect of environment 
× seed treatment × R. solani infestation were significant for root rot index (Table 2).  At 
Urbana in 2010, plant stand reductions were so great in the R. solani-infested plots, that 
not enough plants were present to evaluate root rot (Table 3).  No significant differences 
among seed treatments within non-infested plots were observed (Table 3).  At Urbana in 
2011, treatments in infested plots that contained sedaxane had lower root rot indexes than 
all other treatments, with less root rot in the mefenoxam + sedaxane treatment compared 
to any of the other treatments (Table 3).  In non-infested plots, treatments were not 
different from one another (Table 3).  At Carmi in 2011, the mefenoxam + sedaxane + 
abamectin treatment had a lower root rot index compared with the other treatments in 
infested plots (Table 3).  No differences among treatments in non-infested plots were 
observed, and root rot indexes of these treatments were lower than those in infested plots 
(Table 3).  
The interactive effects of environment × cultivar × seed treatment, environment × 
R. solani infestation, and seed treatment × R. solani infestation were significant for SCN 
Rf (Table 2).  At Urbana in 2009, no significant differences in Rf occurred among seed 
treatments on the SCN resistant cultivar S35-T9; however, in the SCN susceptible 
cultivar, S36-B6, the mefenoxam + sedaxane treatment resulted in a greater Rf than the 
mefenoxam control treatment (Table 4).  In addition, SCN Rf values generally were the 
same for both cultivars and their corresponding seed treatments, except for mefenoxam + 
sedaxane, where the susceptible cultivar had a greater Rf than the resistant cultivar.  At 
Urbana in 2010, no differences in Rf occurred among treatments on the resistant cultivar 
(Table 4).  On the susceptible cultivar, the mefenoxam + sedaxane + abamectin treatment 
 28 
 
had the greatest Rf, but this value was not different from the mefenoxam control.  The Rf 
values generally were lower for the resistant cultivar, except for the mefenoxam + 
sedaxane treatment, in which the Rf values of the two cultivars did not differ.  At Urbana 
in 2011, the greatest Rf on the resistant cultivar occurred with the mefenoxam + 
abamectin treatment, which was different from the mefenoxam control only (Table 4).  
On the susceptible cultivar, the greatest Rf occurred with the mefenoxam control among 
treatments.  At the Carmi location, no significant differences in Rf were observed among 
the seed treatments within the resistant or within the susceptible cultivars (Table 4).  The 
Rf was greater on the susceptible cultivar except when seeds were treated with 
mefenoxam + sedaxane, in which the Rf did not differ between the two cultivars.   
Averaged across all cultivars and seed treatments, the SCN Rf in non-infested 
plots was greater than the average Rf of the R. solani-infested plots at Urbana in 2010 
and 2011 (Table 5).  At Urbana in 2009 and Carmi in 2011, there were no differences in 
Rf observed among R. solani infested or non-infested plots.  Averaged across 
environments and cultivars in plots not infested with R. solani, SCN Rf in mefenoxam + 
sedaxane and mefenoxam + sedaxane + abamectin treated plots was less than the 
mefenoxam control, but there were no differences among the mefenoxam + abamectin 
and mefenoxam control (Table 6).  No significant differences among seed treatments 
were observed for SCN Rf in the R. solani- infested plots.  In R. solani infested vs. non-
infested plots, SCN Rf differed in plots from seed treated with mefenoxam only, in which 
non-infested plots had a greater SCN Rf than infested plots.  The interactive effects of 
environment × R. solani infestation, environment × cultivar × R. solani infestation, and 
environment × seed treatment × R. solani infestation were significant for yield (Table 2).  
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At Urbana in 2009 and 2010, the greatest yields were observed in plots that were not 
infested with R. solani compared with infested plots (Table 3).  In infested plots, the 
greatest yields were observed with treatments that included sedaxane.  No significant 
differences among seed treatments were observed in non-infested plots.  At Urbana in 
2011, no differences in yield were observed among any of the seed treatments in either 
the R. solani infested or non-infested plots (Table 3).  At Carmi, there were no 
differences among seed treatments within either infested or non-infested plots.  Yield in 
the mefenoxam + sedaxane + abamectin treatment in infested plots was greater than the 
mefenoxam control and mefenoxam + sedaxane treatment in non-infested plots (Table 3).   
Averaged across seed treatments, yields among cultivars in non R. solani-infested 
plots were greater than infested plots in both 2009 and 2010 at Urbana (Table 7).  In 2009 
at Urbana, the SCN resistant cultivar, S35-T9, had a greater yield than the SCN 
susceptible cultivar, S36-B6, in R. solani- infested plots, but no differences were 
observed between the two cultivars in non-infested plots.  In 2010 at Urbana, there was 
not a difference between cultivars in infested plots; however, S35-T9 yielded higher than 
S36-B6 in non-infested plots.  In 2011 at Urbana, there were no differences between 
infested and non-infested plots among cultivars.  At the Carmi location, the greatest yield 
was observed with cv. S36-B6 in the R. solani- infested plots; though not different from 
cv. S35-T9 in infested plots, yield was different from either cultivar in the non-infested 
plots (Table 7).   
The main effects environment and R. solani infestation, and the seed treatment × 
R. solani infestation interaction were significant for root length (Table 8).  Root length 
was greater (102 cm) at the Carmi location than both the Urbana 2010 (51 cm) and the 
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Urbana 2011 (52 cm) environments.  There was no difference in root length among 
Urbana environments.  R. solani- infested plots had lower root lengths (61 cm) compared 
with non-infested plots (75 cm).  Averaged across environments and cultivars, root length 
in the mefenoxam + sedaxane + abamectin seed treatment in R. solani- infested plots was 
greater than only the mefenoxam + abamectin seed treatment in infested plots (Table 9).  
Root lengths were greatest in the mefenoxam + abamectin seed treatment in non-infested 
plots, which was not different from the mefenoxam only treatment.  The root lengths of 
the mefenoxam + sedaxane and mefenoxam + sedaxane + abamectin seed treatments 
were not different from the mefenoxam control in non-infested plots, and were shorter 
than lengths in the mefenoxam + abamectin treatment (Table 9).   
 The main effects of environment, seed treatment, and R. solani infestation, as 
well as the seed treatment × R. solani infestation interaction were significant for root 
surface area.  Surface area was different among environments, with Urbana 2010 having 
the least surface area (42 cm
2
), Urbana 2011 having the next largest surface area (49 
cm
2
), and Carmi having the greatest surface area (68 cm
2
).  The surface area of roots in 
non-infested plots was greater (58 cm
2
) than those in R. solani- infested plots (48 cm
2
).  
Averaged across environments and cultivars, in infested plots, the lowest surface area 
was observed in the mefenoxam + abamectin treatment among treatments (Table 9).  The 
surface area in treatments containing sedaxane was not different from the mefenoxam 
control in infested plots.   In non-infested plots, the surface area of the mefenoxam + 
sedaxane + abamectin treatment was higher than the mefenoxam + sedaxane treatment, 
while all other treatments were not different.   
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The effects of environment, environment × R. solani infestation interaction, and 
the seed treatment × R. solani infestation interaction were significant for root average 
diameter.  There were significant differences in root diameter across environments; 
Urbana 2010 (0.9 mm), Urbana 2011 (1.0 mm), and the Carmi environment (0.7 mm).  
Across environments and cultivars in R. solani- infested plots, root diameter did not 
differ among plots treated with mefenoxam only, mefenoxam + sedaxane, and the 
mefenoxam + abamectin seed treatments.  The root diameter in the mefenoxam + 
abamectin treatment was higher than the mefenoxam + sedaxane + abamectin treatment 
in infested plots.  There were no differences in diameter among seed treatments in non-
infested plots (Table 9). 
The main effects of environment, R. solani infestation, and the seed treatment × 
R. solani infestation and environment × cultivar × R. solani infestation interactions were 
significant for number of root tips.  The Carmi environment had a higher number of root 
tips (327 tips) than the number of root tips at the Urbana 2010 environment (152 tips), 
and was not different than Urbana 2011 (166 tips).  Plots that were infested with R. solani 
had a greater number of root tips (228 tips) than non-infested plots (202 tips).  Averaged 
across environments and cultivars, the number of root tips in R. solani-infested plots was 
lower in the mefenoxam + abamectin seed treatment than in the mefenoxam + sedaxane 
and mefenoxam + sedaxane + abamectin seed treatments, but not the mefenoxam control 
(Table 9). There were no differences among treatments in non-infested plots (Table 9).   
Averaged across seed treatments, at the Urbana 2010 environment, the number of 
root tips in infested plots planted with the SCN resistant cultivar, S35-T9, was greater 
than that of the SCN susceptible cultivar, S36-B6 (Table 10).  There was no difference in 
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the number of root tips among cultivars in non-infested plots at Urbana in 2010.  At the 
Urbana 2011 environment, there was no difference in the number of root tips among 
cultivars in both infested and non-infested plots (Table 10).  There was not a significant 
difference in root tips among cultivars in infested plots at the Carmi environment; 
however the SCN susceptible cultivar had a higher number of root tips compared to the 
SCN resistant cultivar in the non-infested plots (Table 10). 
The main effects of environment, R. solani infestation, and the interactive effect 
of seed treatment × R. solani infestation were significant for the number root forks.  
There was not a significant difference in root forks among plants grown in Urbana in 
2010 (385 forks) or 2011 (544 forks).  The number of root forks on plants at Carmi was 
greater (1,818 forks) than on plants in both of the Urbana environments.  The number of 
root forks in non-infested plots was higher (1,023 forks) than that on plants in the R. 
solani infested plots (808 forks).  Averaged across environments and cultivars, the 
number of root forks in plots treated with the mefenoxam + sedaxane + abamectin seed 
treatment was the greatest in the R. solani- infested plots, but the number of root forks 
was not different among seed treatments in the non-infested plots (Table 9).  The 
mefenoxam and mefenoxam + sedaxane treatments in infested plots were not different in 
the number of root forks from the mefenoxam + abamectin treatment in infested plots.  
There were no differences among treatments within non-infested plots; however, the 
number of forks in the mefenoxam + sedaxane + abamectin treatment was greatest among 
treatments in infested plots, and was not different among treatments in non-infested plots 
(Table 9). 
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The main effects of environment, R. solani infestation, and the interactive effect 
of seed treatment × R. solani infestation were also significant for root volume.  Root 
volume numbers of the plants in plots at Urbana in 2010 (0.95 cm
3
) were the lowest 
compared to those measured on plants grown among the environments.  There were no 
differences in root volume measurements among the plants grown at Urbana in 2011 (1.2 
cm
3
) and Carmi in 2011 (1.2 cm
3
).  Root volumes in the non-infested plots (1.2 cm
3
) 
were greater than root volumes in the R. solani- infested plots (1.0 cm
3
).  Averaged 
across environments and cultivars, root volumes were the lowest in the mefenoxam + 
abamectin treatment for plants grown in the R. solani- infested plots.  There were no 
differences in the root volume measurements among the mefenoxam control, mefenoxam 
+ sedaxane, and mefenoxam + sedaxane + abamectin treatments on plants grown in 
infested plots, and the root volumes that received these treatments did not differ from 
those that received the mefenoxam control and the mefenoxam + abamectin treatment in 
the non-infested plots.  No differences in root volume were observed among seed 
treatments in non-infested plots, except that mefenoxam + sedaxane + abamectin was 
greater than the mefenoxam + sedaxane treatment (Table 9).    
Greenhouse Experiments 
Seed treatment evaluation.  The main effect of seed treatment was significant 
for SCN Rf (Table 11).  SCN Rf was greater in plots with seed treatments containing 
sedaxane compared with those containing the mefenoxam and mefenoxam + abamectin 
treatments.  There were no differences in Rf among the mefenoxam control and 
mefenoxam + abamectin treatments (Table 12).   
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The main effect of seed treatment was significant for average R. solani lesion 
ratings (Table 11).  Average R. solani lesion ratings were greatest in the mefenoxam + 
abamectin treatment.  There was no difference in average lesion rating among the 
mefenoxam control and mefenoxam + sedaxane seed treatments; however, the average 
lesion rating of these treatments was greater than that of the mefenoxam + sedaxane + 
abamectin treatment (Table 12).   
The main effect of seed treatment was significant for average root diameter in 
root scan analysis (Table 13).  Average diameter was greatest in the mefenoxam + 
sedaxane seed treatment; however, this value was not different from the mefenoxam 
control.  No differences in average diameter were observed among mefenoxam, 
mefenoxam + abamectin, and mefenoxam + sedaxane + abamectin seed treatments 
(Table 14).   
The main effect of seed treatment was significant for number of root tips and root 
volume (Table 13).  The greatest number of root tips were observed with mefenoxam + 
sedaxane, which was different from all treatments except the mefenoxam control (Table 
14).  The least number of root tips was observed with mefenoxam + abamectin, which 
was different from all treatments except mefenoxam + sedaxane + abamectin.  The 
greatest root volume was observed with mefenoxam + sedaxane, which was greater than 
all treatments except the mefenoxam control (Table 14).  All other treatments did not 
differ from each other for root volume.  
Infestation evaluation.  The main effect of cultivar was significant for plant 
height and dry shoot weight (Table 15).  Both the plant height and dry shoot weight was 
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greater in the SCN-resistant variety, S35-T9 (24 cm and 0.8 g, respectively) than the 
height of S36-B6, the SCN-susceptible variety (18 cm and 0.6 g, respectively). 
The effect of SCN infestation level was significant for plant height, dry shoot 
weight, dry root weight, and SCN Rf (Table 15).  Differences among SCN infestation 
levels; 0, 2,000, and 20,000 eggs, were evident in plant height and dry shoot weight.  
Both the height and dry shoot weight of plants not infested with SCN were greater than 
low and high infestation levels (Table 16).  Dry root weight was the lowest in the high 
level of SCN, compared to the zero and low levels, which were not different (Table 16).  
SCN Rf was greatest at a low level of SCN infestation, compared to the high infestation 
level, and no SCN reproduction occurred in pots not infested with SCN (Table 16).   
R. solani infestation level was significant for average lesion rating (Table 15). 
Average lesion rating was greatest in plants infested with a high level (5 R. solani- 
infested PDA plates) of mycelial suspension compared to the low level (1 R. solani- 
infested PDA plates), and zero R. solani- infested PDA plates (Table 17).   
The main effect of cultivar was significant for average root diameter, number of 
root tips, and root volume in root scan analysis (Table 18).  Root diameter was greater in 
the SCN susceptible cultivar, S36-B6 (0.75 mm), than the SCN resistant cultivar, S35-T9 
(0.68 mm).  Number of root tips was greater in the SCN resistant cultivar (570 tips) than 
in the SCN susceptible cultivar (500 tips).  Root volume was greater in the SCN 
susceptible cultivar, S36-B6 (4.5 cm
3
), than the SCN resistant cultivar, S35-T9 (4.1 cm
3
). 
The main effect of SCN infestation was significant for root length, surface area, 
root tips, root forks, and volume (Table 18).  Root length decreased as SCN infestation 
increased from zero to high levels.  The root length for each level was less than the next 
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as disease pressure increased from zero to 2,000 (low) to 20,000 (high) eggs (Table 19).  
Across surface area, root tips, forks, and root volume, there was no significant difference 
among the SCN infestation levels of zero and low, however, these levels were greater 
than values across the same variables in the high SCN infestation level (Table 19).   
The interactive effect of SCN infestation × R. solani infestation was significant 
for root forks (Table 18).  There was no difference in the number of root forks among 
zero and low R. solani infestation levels in the absence of SCN, whereas a high level of 
R. solani resulted in a greater number of forks in the absence of SCN.  No differences in 
root forks were observed among the interactions of: absence of SCN × high R. solani 
level, low SCN × zero R. solani level, and low SCN × high R. solani level.  Number of 
root forks was lowest among interactions in high levels of SCN across all levels of R. 
solani (Table 20).
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DISCUSSION 
In this research, an interaction between Rhizoctonia solani and Heterodera 
glycines was not clearly apparent.  In field experiments, seed treatments containing the 
active ingredient sedaxane were highly effective in reducing plant stress and losses due to 
R. solani, consistent with results reported by Zeun et al. (2012).  The efficacy of this 
active ingredient is notable in several cases where the plant stand and yield in R. solani-
infested plots was not different from those in the sedaxane-containing treatments in non-
infested plots.  The lowest root rot indices were also observed with treatments containing 
sedaxane in infested plots.  The high efficacy of sedaxane in this research coincides with 
the results of Zeun et al. (2012) in greenhouse experiments, in which the activity of 
sedaxane was 91.4% in soybean on the same AG of R. solani (2-2IIIB) that was used to 
infest plants in this research.  Currently, no soybean cultivars with complete resistance to 
R. solani are available, and only 20 commercially available cultivars were reported to 
have partial resistance (Bradley et al., 2001).  Prior to sedaxane, other SDHI fungicides, 
such as carboxin fungicides and several analogs, pyraccarbolid, fenfuram, methfuroxam, 
furrmetamid, and pyrazoles IIa and IIb were selectively effective in controlling R. solani 
in cotton in either in vitro or in vivo experiments (Huppatz et al., 1983).  Based on the 
results presented in this research, a seed treatment containing the active ingredient 
sedaxane is an innovative option for growers whose fields have a historic incidence of R. 
solani and have previously experienced soybeans losses due to the pathogen.  
Environmental conditions, which were unseasonably warm and moist at Urbana 
in 2010 at planting resulted in severe damping-off and stand reductions caused by R. 
solani.  The average temperature in April, 2010 was the warmest on record for the state 
 38 
 
of Illinois (15 ˚C), which was a warm start to the season; allowing the soil to warm and 
thaw prematurely.  The month of May followed with large amounts of precipitation (4.5 
cm above average) and cooler temperatures early in the month (17˚C below normal) that 
were followed by warmer conditions (16˚C above average) later in the month (Angel, 
2010).  Sneh et al. (1991) reported successful growth of R. solani at 35˚C, and Dorrance 
et al. (2003) reported a greater number of hypocotyl lesions on soybean at 32˚C across 
the temperatures evaluated.  Soil moisture alone has been reported as having little effect 
on R. solani (Teo et al., 1988; Dorrance et al., 2003).  However, Liu and Sinclair (1991) 
reported temperature and moisture conditions conducive to R. solani that were similar to 
those present during this research.  As a result of the “ideal” growing conditions, 
insufficient plant emergence and survival in 2010 prevented root rot index data collection 
with seed treatments not containing sedaxane. 
Initial SCN populations in the field studies were moderate (1,441 eggs/100 cm
3
 
soil averaged across the four environments) and were identified as HG type 2.5.7 for all 
locations.  SCN Rf in plots planted with the SCN-susceptible cultivar, S36-B6, was 
generally greater compared with the SCN-resistant, S35-T9.  However, Rf was not 
different among cultivars consistently among environments.  This is an indication that the 
host source of resistance is no longer effective for the SCN populations present in the two 
locations; Niblack et al. (2008) reported that 70% of the 83% total hectarage in Illinois 
infested with SCN has shown some degree of adaptation to the PI 88788 source of host 
resistance.  Plots containing treatments with sedaxane had Rf values greater among 
treatments in both cultivars.  This is probably due to control of R. solani which provided 
increased root area for penetration, syncytia formation, and SCN reproduction.  
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Hillnhütter et al. (2011) and Back et al. (2006) observed less damage from Heterodera 
schachtii and Globodera rostochiensis, respectively, when R. solani infestation occurred 
prior to nematode introduction in sugar beet and potato, respectively. 
Root scan analyses showed that plants receiving the mefenoxam only seed 
treatment had similar root lengths to those recieving the mefenoxam + sedaxane and 
mefenoxam + abamectin treatments in R. solani-infested plots, which is consistent with 
observations by Hillnhütter et al. (2011) and Back et al. (2006) on sugar beet and potato, 
respectively.  In those reports, as nematodes were controlled, larger roots gave R. solani 
more opportunity to infest.  The greatest root lengths were observed in the mefenoxam + 
sedaxane + abamectin treatment, indicating a high level of control of both pathogens in 
infested plots that was not different from treatments in the non-infested plots.  No clear 
conclusions can be made from the root surface area and average diameter root scan 
observations, except that the surface area of mefenoxam + abamectin among treatments 
in infested plots.  Huang et al. (1984) saw an increase in root hairs, which increased 
overall root surface area in the presence of SCN; this may indicate a lack of efficacy from 
abamectin as an SCN control option.  More research is needed to explore abamectin 
further.  A similar trend occurred for root tips, forks, and volume among seed treatments 
in infested plots, where the SCN Rf in the mefenoxam + abamectin treated plots was 
lowest; however, the differences were not significant for tips and forks, but they were for 
root volume compared with non-infested plots.  Cultivar S35-T9 (SCN-resistant) had a 
generally higher number of root tips compared with S36-B6 (SCN-susceptible); however, 
this was not a significant difference among infested and non-infested plots across 
environments.   
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In the greenhouse seed treatment evaluation, where a high level of both pathogens 
was introduced, the mefenoxam + sedaxane and mefenoxam + sedaxane + abamectin 
treatment had a higher SCN Rf among treatments, which is consistent with results from 
the field trials.  Lesion ratings were greatest in the mefenoxam + abamectin treatment, 
and different among treatments, which is also consistent with field results and coincides 
with previous statements about SCN increasing root surface area (Huang et al., 1984) 
enabling R. solani to infest to a greater extent.  The highest average root diameters, tips, 
and volumes were observed in the mefenoxam + sedaxane treatment, but values were not 
different from the mefenoxam control for each observation.  This result was not expected, 
as the mefenoxam control was intended to inhibit oomycete pathogens, serving as a 
control.  Some sort of error may have occurred in this instance; which increases reason to 
pursue further research.  Average lesion ratings were highest in the mefenoxam + 
abamectin treatment, reiterating the increased root area for R. solani to infest and spread 
with reduced competition.  Average lesion ratings were lowest in the mefenoxam + 
sedaxane + abamectin treatment, demonstrating sufficient control of both introduced 
pathogens. 
In the greenhouse infestation evaluation, in which each pathogen was introduced 
singly or concomitantly at combinations of three different inoculum concentrations to 
pots planted with non-treated seeds of both SCN susceptible and resistant cultivars, the 
values for plant height, dry shoot weight, and dry root weight decreased as SCN pressure 
increased.  However, the increases were not always significant, which was not expected 
since the different levels were highly defined.  Lack of significant responses could be due 
to temperature fluctuations in the water bath apparatus.  The low level of SCN (1,000 
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eggs/ml suspension) resulted in the greatest SCN Rf, which indicates the effect that a 
high infestation level (10,000 eggs/ml suspension) can have on population reproduction.  
When there are too many nematodes attempting to feed, reproduction is suppressed due 
to competition for syncytia formation.  Gao et al. (2006) reported similar effects due to 
the same high and low levels of SCN infestation on SCN Rf.  The number of forks was 
lowest in the presence of high levels of SCN among R. solani infestation levels (zero to 
high) compared to the remaining infestation levels among pathogens.  This was the only 
example of interaction in the greenhouse trials, and does not provide enough insight alone 
on the main interaction.  
The findings of this research do not consistently support the hypothesis that an 
interaction occurs between Heterodera glycines and Rhizoctonia solani.  Despite 
generally supportive field data, the greenhouse studies did not provide sufficient evidence 
of an interaction.  Additional greenhouse studies may give better insight on the possibility 
of an interaction, exploring a wider range of SCN inoculum levels in the presence of R. 
solani, similar to experiments with SCN and F. virguliforme reported in Gao et al. 
(2006), or possibly following the methods of Xing and Westphal (2006), who increased 
the number of replications and environments.  SCN movement by water may have 
affected the ability to infect in this research; the use of submerged plastic cone- shaped 
containers may alleviate any chance of water interference in the future, as compared with 
overhead watering performed in this study.  Each pathogen alone can cause significant 
losses in soybean each year.  Consequently, the implications for any sort of interaction 
between the two demands action, justifying further research focused initially on the 
dynamics of these interactions and then development of new methods of control.  
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Continued awareness and utilization of best management practices for SCN and R. solani 
are both vital to reduce losses in the presence of both pathogens and additional soilborne 
pathogens. 
R. solani is widespread in the United States and the pathogen ranks fourth among 
other seedling pathogens in overall losses (Wrather et. al., 2001), and it has been reported 
to cause yield losses up to 48% in small plot research trials (Tachibana et al., 1971).  A 
cultural practice such as rotation is not always effective in managing R. solani, as corn 
can serve as a host of AG 2-2 (Nelson et al., 1996; Ploetz et al., 1985).  Microsclerotia of 
R. solani have the potential to endure several years in the soil and serve as a source of 
inoculum, making rotation ineffective; however, R. solani AG 8 isolated from soils 
exposed to long term conventional tillage showed reduced growth in barley compared 
with no-till soils (Schroeder & Paulitz, 2007), which has deterred the adoption of direct-
seeding in the Pacific Northwest.  
The active ingredient abamectin was effective in reducing Pratylenchus zeae 
penetration by over 80% in maize, an 80% reduction in the number of galls caused by 
Meloidogyne incognita in cotton, and a 60% reduction in root penetration by Heterodera 
schachtii in sugar beets (Cabrera et al., 2009).  Additionally in cotton, abamectin seed 
treatments have been effective in control of M. incognita (Phipps et al., 2005) and both 
M. incognita and Rotylenchus reniformis (Faske & Starr, 2007).  There is no published 
data to date on the efficacy of abamectin in control of SCN; Frye (2009) reported that 
abamectin was not effective in reducing H. glycines cysts per root system or final egg 
counts at harvest in field studies and in microplot studies in several counties in North 
Carolina.  In this research, abamectin did not consistently differ among treatments in 
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effect on SCN Rf in the SCN-susceptible cultivar.  The only instance of a significant 
reduction in Rf resulting from the application of abamectin with the susceptible cultivar 
was at Urbana in 2010.  SCN evaluations in the field could have been improved by 
utilizing qPCR to measure the amount of SCN DNA in roots as another quantitative 
measurement, opposed to SCN Rf data, which could have also been inconsistent due to 
the multiple steps it takes to extract eggs from the soil, increasing chance of error or 
inconsistencies among environments.  Because SCN populations are not uniformly 
distributed within a field, making it difficult to form conclusions with Rf data.  Field 
studies in two provinces of Iran showed a wide range of population densities from 500 
(low pressure) to 100,000 (high pressure) J2s and eggs/250 cm
3
 soil (Maafi et al., 2008).  
The use of seed treatments in crop protection has increased in popularity as of late, but is 
not the best or only option in the control of SCN, populations of which vary due to HG 
type, the soil environment, and regional cropping systems.  Cognizance of best 
management practices to manage SCN is still needed, including HG type determination 
for accurate host resistance selection, multi-year non-host crop rotation, the continued 
monitoring of fields with known SCN populations, and the utilization of emerging 
technology to utilize cropping choices in SCN hotspots in fields.  With the widespread 
use of resistance derived from PI 88788 enabling a shift in virulence (Niblack et al., 
2008), alternative methods of SCN management, such as seed-applied nematicides, 
would be beneficial if effective.  Additional SCN sources of resistance such as PI 548402 
or 437654 also should be utilized more frequently by soybean breeders to reduce the 
selection pressure imposed by the widespread use of the PI 88788 source of resistance.  
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Long term management decisions are vital, so crop advisers and growers alike should 
rotate the sources of resistance.   
 The objective of this research was to determine if an interaction occurs between 
R. solani and SCN.  The most direct evaluation of this question was in the greenhouse 
inoculation study, where a significant interaction of these two pathogens was seen only 
with the dependent variable, root forks.  This is not enough evidence to conclude that an 
interaction does or does not take place, and several factors may have affected the 
outcome of this research.  Some of these factors were discussed previously, such as the 
use of plastic cones submerged in water, as opposed to overhead watering in the plastic 
beakers, which were placed in large baths to maintain the soil temperature.  Fluctuations 
in water temperature may have caused inconsistent pathogen activity, so in the future a 
smaller, less variable soil environment should be used.  Additionally, multiple infestation 
timing evaluations, modeled after the evaluation by Hillnhütter et al. (2011) would aid in 
determining the most accurate methods of introducing the pathogens and attempting to 
understand the nature of R. solani and H. glycines collectively.  To confidently claim or 
reject any sort of interaction, multiple, replicated studies are necessary in closely 
monitored environments.  Variability over year and location can significantly impact a 
crop, so sustainable cropping decisions are important for singular stresses, regardless of 
potential interactions.  Awareness and utilization of disease-limiting seed treatments 
continues to grow, and will continue to do so as growers strive to reach maximum yield 
potential.        
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TABLES 
 
Table 1. Seed treatments and rates used in field and greenhouse experiments. 
Seed treatment # Trade name Active ingredient Rate 
1 Apron XL mefenoxam 15 g a.i. / 100 kg seed 
2 Vibrance 
Apron XL 
sedaxane 
mefenoxam 
10 g a.i. / 100 kg seed 
15 g a.i. / 100 kg seed 
3 Avicta  
Apron XL 
abamectin 
mefenoxam 
  0.15 mg a.i./ seed 
15 g a.i. / 100 kg seed 
4 Vibrance 
Avicta  
Apron XL 
sedaxane 
abamectin 
mefenoxam 
10 g a.i. / 100 kg seed 
  0.15 mg a.i./ seed 
15 g a.i. / 100 kg seed 
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Table 2. Summary of main effects and interactions on soybean plant stand, 2010 and 
2011 root rot index, SCN Rf, and yield at Urbana 2009-2011 and Carmi, IL in 2011. 
Source 
Plant stand 
(plants/ m
2
) 
Root rot  
index
a 
SCN Rf
b 
Yield 
 (kg/ha) 
Environment (E) 0.3799
c 
0.8659  0.3246 0.6263 
Cultivar (C)  0.4007 0.1222 0.0810 0.1518 
E X C .
d
 . 0.6670 0.6136 
Seed treatment (S) 0.5713  0.7533 0.7809 0.1806 
E X S 0.7939 0.4273 0.9401 0.5412 
C X S .  . 0.5045 0.6750 
E X C X S .  . <.0001 0.0537 
R. solani infestation (R) 0.1289 0.0144 0.2554 0.2437 
E X R 0.0104  0.4461 0.0063 0.0059 
C X R .  . . 0.9911 
S X R 0.2691 0.9544 0.0017 0.1180 
E X C X R .  . . 0.0114 
E X S X R 0.0229  0.0004 . <.0001 
C X S X R . . . . 
E X C X S X R . . . . 
a 
Index calculated by using R.solani disease notes: (% incidence x (severity)/5). 
b 
SCN Rf calculated by dividing the final fall egg counts by initial spring egg counts.
  
c
 Numbers are P>F values, α = 0.05. 
d 
Terms removed from model after employing backward selection.
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Table 3. Effect of seed treatment and R. solani infestation on plant stand, root rot index, and yield at Urbana, IL 2009-2011 and Carmi, 
IL 2011. 
 
Seed treatment    
Plant stand 
(plants/m
2
) 
 
 Root rot 
 index
a
 
 Yield 
(kg/ha) 
Location, year Infested
b 
Non-
infested 
 
Infested
 
Non-
infested  Infested
 
Non-
infested 
Urbana, 2009 mefenoxam 13 e
c 
37 c  . .  2477 c 3392 a 
 mefenoxam + sedaxane  24 d 37 c  . .  2751 b 3247 a 
 mefenoxam + abamectin 11 e 41 b  . .  2407 c 3328 a 
 mefenoxam + sedaxane + abamectin 25 d 44 a  . .  2943 b 3271 a 
          
Urbana, 2010 mefenoxam 1 c
 
33 a  . 10 b    871 c 4588 a 
 mefenoxam + sedaxane  24 b 34 a  55 a 9 b  3711 b 4716 a 
 mefenoxam + abamectin 1 c 33 a  . 2 b    766 c 4705 a 
 mefenoxam + sedaxane + abamectin 24 b 34 a  48 a 5 b  3499 b 4422 a 
          
Urbana, 2011 mefenoxam 20 b
 
39 a  56 a 14 cd  3428 a 3894 a 
 mefenoxam + sedaxane  40 a 40 a  22 c 4 d  3908 a 3986 a 
 mefenoxam + abamectin 16 c 39 a  68 a 14 cd  3411 a 3866 a 
 mefenoxam + sedaxane + abamectin 41 a 39 a  41 b 3 d  3750 a 3768 a 
          
  Carmi, 2011 mefenoxam 14 c
 
29 a  55 a 1.0 c    3990 ab 3839 b 
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a 
Index calculated by using R.solani disease notes and calculated as: (% incidence x (severity)/5). 
b
 R. solani-infested sorghum mixed with soybean seeds and planted at a rate of 25 ml infested sorghum seeds/ row. 
c  
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, values followed by the same letter across 
columns for each year are not significantly different from each other
 
          
Table 3 Continued. 
 
Plant stand 
(plants/m
2
) 
 
 Root rot 
 index
a
 
 Yield 
(kg/ha) 
 
Seed treatment Infested 
Non-
infested 
 
Infested
 
Non-
infested  Infested
 
Non-
infested 
 mefenoxam + sedaxane  26 b  27 ab  59 a 0.3 c    4028 ab 3828 b 
 mefenoxam + abamectin 12 d 28 ab  66 a 0.0 c    4013 ab   4001 ab 
 mefenoxam + sedaxane + abamectin 27 ab 29 a  26 b 0.3 c    4218 a   3942 ab 
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Table 4. Effect of cultivar and seed treatment on SCN Rf at Urbana, IL 2009-2011 and 
Carmi, IL 2011. 
 
Seed treatment 
SCN Rf
a
 
Location, year S35-T9
b
 S36-B6 
Urbana, 2009 mefenoxam 0.9 c
c 
1.5 bc 
 mefenoxam + sedaxane  1.5 bc 4.3 a 
 mefenoxam + abamectin 1.8 bc 3.0 ab 
 mefenoxam + sedaxane + abamectin 1.2 bc 2.9 ab 
    
Urbana, 2010 mefenoxam 0.7 c
 
4.2 ab 
 mefenoxam + sedaxane  1.5 c 2.3 bc 
 mefenoxam + abamectin 0.4 c 3.7 b 
 mefenoxam + sedaxane + abamectin 0.8 c 5.6 a 
    
Urbana, 2011 mefenoxam 3.9 c
 
17.2 a 
 mefenoxam + sedaxane  5.4 bc 6.9 bc 
 mefenoxam + abamectin 9.4 b 4.4 c 
 mefenoxam + sedaxane + abamectin 6.1 bc 7.4 bc 
    
Carmi, 2011 mefenoxam 1.9 b
 
21.0 a 
 mefenoxam + sedaxane  3.4 b 15.9 ab 
 mefenoxam + abamectin 3.9 b 24.5 a 
 mefenoxam + sedaxane + abamectin 5.2 b 27.9 a 
a
 SCN Rf calculated by dividing the final fall egg counts by initial spring egg counts. 
b
 Cultivars S35-T9 and S36-B6 are resistant (R) and susceptible (S) to SCN, respectively. 
c 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns for each year are not significantly 
different from each other.   
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Table 5. Effect of environment and R. solani infestation on SCN Rf. 
Environment (location, year) 
SCN Rf
a
 
Infested
b
 Non-infested 
Urbana, 2009 2.1 a
c
 2.2 a 
Urbana, 2010 1.7 b
 
3.1 a 
Urbana, 2011 5.9 b
 
9.3 a 
  Carmi, 2011    10.3 a  15.7 a 
a
 SCN Rf calculated by dividing the final fall egg counts by initial spring egg counts. 
b
 R. solani-infested sorghum mixed with soybean seeds and planted at a rate of 25 ml 
infested sorghum seeds/ row.
  
c 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns are not significantly different from 
each other.
 51 
 
Table 6. Effect of seed treatment and R. solani infestation on SCN Rf at Urbana, IL in 
2009-2011 and Carmi, IL in 2011. 
Seed treatment 
SCN Rf
a
 
Infested
b
 Non-infested 
mefenoxam 1.9 b
 
5.3 a 
mefenoxam + sedaxane  3.3 ab
 
2.6 b 
mefenoxam + abamectin 1.9 b
 
3.9 ab 
mefenoxam + sedaxane + abamectin 3.1 ab 3.2 b 
a
 SCN Rf calculated by dividing the final fall egg counts by initial spring egg counts. 
b
 R. solani-infested sorghum mixed with soybean seeds and planted at a rate of 25 ml 
infested sorghum seeds/ row.
  
c 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns are not significantly different from 
each other.
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Table 7. Effect of cultivar and R. solani infestation on yield at Urbana, IL 2009-2011 and 
Carmi, 2011. 
Location, year Cultivar
 a
 
Yield (kg/ha) 
Infested
b
 Non-infested 
Urbana, 2009 S35-T9   2950 b
b 
3356 a 
 S36-B6 2340 c 3263 a 
    
Urbana, 2010 S35-T9 2231 c
 
4849 a 
 S36-B6 2192 c 4367 b 
    
Urbana, 2011 S35-T9   3762 ab
 
3943 a 
 S36-B6 3487 b   3814 ab 
Carmi, 2011 S35-T9   3966 ab
 
3911 b 
 S36-B6 4159 a 3892 b 
a
 Cultivars S35-T9 and S36-B6 are resistant (R) and susceptible (S) to SCN, respectively. 
b
 R. solani-infested sorghum mixed with soybean seeds and planted at a rate of 25 ml 
infested sorghum seeds/ row. 
 c 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns for each year are not significantly 
different from each other.  
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Table 8.  Summary of main effects on root length, root surface area, average diameter, number of root tips, forks, and total root 
volume analyzed with WinRHIZO 2007 Root Analysis Software for field trials at Urbana, IL in 2010 and 2011 and Carmi, IL in 2011. 
Source 
Length  
(cm) 
Surface area  
(cm
2
) 
Average 
diameter (mm) 
Tips  
(no.) 
Forks  
(no.) 
Volume  
(cm
3
) 
Environment (E) <.0001
a 
<.0001 0.0066 <.0001 <.0001 0.0095 
Cultivar (C) 0.5119 0.2721 0.8851 0.9967 0.5857 0.2680 
E X C .
b
 . . . . . 
Seed treatment (S) 0.1760 0.0320 0.5631 0.1430 0.0649 0.0661 
E X S . . . . . . 
C X S 0.3827 0.3496 . . . . 
E X C X S . . . . . . 
R. solani infestation (R) <.0001 <.0001 0.2556 0.0162 <.0001 <.0001 
E X R . . 0.0029 . . . 
C X R 0.2596 0.1282 . . . 0.0722 
S X R 0.0096 0.0186 0.0318 0.0286 0.0510 0.0439 
E X C X R . . . 0.0483 . . 
E X S X R . . . . . . 
C X S X R . . . . . . 
E X C X S X R . . . . . . 
a
 Numbers are P>F values, α = 0.05. 
b 
Terms removed from model after employing backward selection.
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Table 9.  Effects of seed treatments and R. solani infestation on root length, root surface area, average diameter, root tips, root forks, 
and total root volume analyzed with WinRHIZO 2007 Root Analysis Software for field trials at Urbana, IL in 2010 and 2011 and 
Carmi, IL in 2011. 
Seed treatment 
Length  
(cm) 
 Surface 
area (cm
2
) 
 Avg. 
diameter (mm) 
Infested
a 
Non-infested  Infested Non-infested  Infested Non-infested 
mefenoxam 66 bc
b 
74 ab  50 c 58 ab  0.91 ab 0.86 bc 
mefenoxam + sedaxane 65 c 68 bc  51 c 54 bc  0.90 ab 0.85 c 
mefenoxam + abamectin 57 d 80 a  42 d 58 ab  0.92 a 0.84 c 
mefenoxam + sedaxane + abamectin 72 bc 71 bc  51 c 60 a  0.86 bc 0.87 abc 
a 
R. solani-infested sorghum mixed with soybean seeds and planted at a rate of 25 ml infested sorghum seeds/ row
 
b
 LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, values followed by the same letter across 
columns are not significantly different from each other. 
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Table 9 Continued.   
Seed treatment 
Tips (no.)  Forks (no.)  Volume (cm
3
) 
Infested
a 
Non-infested  Infested Non-infested  Infested Non-infested 
mefenoxam 207 bc
b 
216 ab  832 bc 1000 a  1.1 cd 1.2 ab  
mefenoxam + sedaxane 211 ab 220 ab  840 bc 940 ab  1.1 bcd 1.1 bcd  
mefenoxam + abamectin 186 c 237 a  724 c 1089 a  0.9 e 1.2 abc  
mefenoxam + sedaxane + abamectin 226 ab 225 ab  1007 a 1026 a  1.1 d 1.3 a  
a 
R. solani-infested sorghum mixed with soybean seeds and planted at a rate of 25 ml infested sorghum seeds/ row 
b
 LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, values followed by the same letter across 
columns are not significantly different from each other. 
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Table 10. Effect of cultivar and R. solani infestation on the number of root tips analyzed 
with WinRHIZO 2007 Root Analysis Software at Urbana, IL 2010, 2011 and Carmi, 2011. 
 
R. solani
a 
Tips (no.) 
Location,year  S35-T9
b
 S36-B6 
Urbana, 2010 Infested 170 a
c 
130 b 
 Non-infested 175 a 145 ab 
    
Urbana, 2011 Infested 149 b 159 ab 
 Non-infested 179 a 176 a 
    
Carmi, 2011 Infested 335 ab 308 b 
 Non-infested 317 b 354 a 
a 
R. solani-infested sorghum mixed with soybean seeds and planted at a rate of 25 ml 
infested sorghum seeds/ row.  
b
 Cultivars S35-T9 and S36-B6 are resistant (R) and susceptible (S) to SCN, respectively. 
c 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter in a column for each year are not significantly 
different from each other.
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Table 11. Summary of main effects and interactions on soybean plant height, fresh shoot weight, fresh root weight, dry shoot weight, 
dry root weight, SCN Rf, and average R. solani lesion ratings in the greenhouse seed treatment evaluation. 
Source 
Plant height 
(cm) 
Fresh shoot 
weight (g)
 
Fresh root 
weight (g) 
Dry shoot 
weight (g)
 
Dry root 
weight (g) SCN Rf
ab 
Avg. lesion 
ratings
c
 
Trial (T) 0.9204
d
 0.3352 0.1030 0.6056 0.0944 0.3787 0.5387 
Cultivar (C)  0.0551 0.9446 0.1876 0.5264 0.2818 0.4266 0.4211 
Seed treatment (S) 0.6517 0.0543 0.1519 0.1160 0.0645 <.0001 <.0001 
C X S 0.2398 0.7969 0.3603 0.5294 0.1499 0.3847 0.7324 
a 
Natural log transformations [of SCN Rf x 10] were used to meet assumptions of normality for analysis. 
b
 SCN Rf calculated by dividing the final fall egg counts by initial spring egg counts. 
c
 Root lesions were rated on a 0-5 scale as : 0= no lesions; 1= lesions ≤ 2.5 mm; 2 = lesions 2.5 to 5.0 mm; 3 = lesions ≥ 5 mm; 4 = 
lesions girdling plant/ leaves wilting; 5 = damped off or dead seedling. 
d
 Numbers are P>F values, α = 0.05. 
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Table 12. Effect of seed treatment on SCN Rf and average lesion rating in the greenhouse 
seed treatment evaluation. 
Seed treatment SCN Rf
ab
 
Avg.  
lesion rating
c
 
mefenoxam 0.1 b
d
 3.6 b 
mefenoxam + sedaxane 1.3 a 3.4 b 
mefenoxam + abamectin 0.1 b 4.3 a 
mefenoxam + sedaxane + abamectin 2.3 a 2.7 c 
a 
Natural log transformations [of SCN Rf x 10] were used to meet assumptions of 
normality for analysis. 
b
 SCN Rf calculated by dividing the final fall egg counts by initial spring egg counts. 
c
 Root lesions were rated on a 0-5 scale as : 0= no lesions; 1= lesions ≤ 2.5 mm; 2 = 
lesions 2.5 to 5.0 mm; 3 = lesions ≥ 5 mm; 4 = lesions girdling plant/ leaves wilting; 5 = 
damped off or dead seedling. 
d 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns are not significantly different from 
each other. 
 59 
 
Table 13.  Summary of main effects on root length, root surface area, average diameter, number of root tips, forks, and total root 
volume analyzed with WinRHIZO 2007 Root Analysis Software in the greenhouse seed treatment evaluation. 
Source 
Length  
(cm) 
Surface 
area (cm
2
) 
Avg. diameter  
(mm) 
Tips 
(no.) 
Forks  
(no.) 
Volume 
(cm
3
) 
Cultivar (C)  0.3900
a 
0.3049 0.8164 0.9168 0.4185 0.8742 
Seed treatment (S) 0.1605 0.1239 0.0124 0.0260 0.1271 0.0062 
C X S  0.1798 0.3413 0.6042 0.2113 0.1214 0.8770 
a
 Numbers are P>F values, α = 0.05. 
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Table 14. Effect of seed treatment on average diameter, number of root tips, and root 
volume analyzed with WinRHIZO 2007 Root Analysis Software in the greenhouse seed 
treatment evaluation. 
Seed treatment 
Avg. diameter 
(mm) 
Tips  
(no.) 
Volume 
 (cm
3
) 
mefenoxam 167.9 ab
a
 1151 ab 110.5 ab 
mefenoxam + sedaxane 201.0 a 1409 a 146.7 a 
mefenoxam + abamectin 66.9 bc   491 c 56.9 b 
mefenoxam + sedaxane + abamectin 121.5 bc   926 bc 79.0 b 
a 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns are not significantly different from 
each other.
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Table 15.  Summary of main effects and interactions on soybean plant height, dry shoot 
weight, dry root weight, SCN Rf, and average lesion ratings in the greenhouse infestation 
evaluation. 
Source 
Plant 
height (cm) 
Dry shoot 
weight (g) 
Dry root  
weight (g) SCN Rf
a 
Avg. lesion 
rating
b
 
Cultivar (C)  <.0001
c
 0.0095 0.7963 0.4348 0.0548 
SCN infestation (S) <.0001 <.0001 <.0001 0.0001 0.6968 
R. solani infestation (R) 0.5918 0.3805 0.7594 0.3076 <.0001 
C X S 0.5465 0.6438 0.6737 0.6539 0.2599 
C X R 0.1226 0.9471 0.9504 0.8555 0.8692 
S X R 0.9253 0.3494 0.1862 0.7028 0.4844 
C X S X R 0.9182 0.9602 0.9999 0.3306 0.9860 
a 
Natural log transformations [of SCN Rf x 10] were used to meet assumptions of 
normality for analysis. 
b
 Root lesions were rated on a 0-5 scale as : 0 = no lesions; 1= lesions ≤ 2.5 mm; 2 = 
lesions 2.5 to 5.0 mm; 3 = lesions ≥ 5 mm; 4 = lesions girdling plant/ leaves wilting; 5 = 
damped off or dead seedling. 
c
 Numbers are P>F values, α = 0.05. 
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Table 16. Effect of SCN infestation level on plant height, dry shoot weight, dry root 
weight, and Rf in the greenhouse infestation evaluation. 
SCN level
a
 
Plant height 
(cm) 
Dry shoot 
weight (g) 
Dry root 
 weight (g) SCN Rf
b
 
Zero 
 
25 a
c
 1.0 a 0.7 a 0 c
 
Low 22 b 0.8 b 0.7 a 25.2 a 
High 17 c 0.3 c 0.5 b 8.9 b 
a 
Pipette infestation with 2 ml of zero, low, and high levels of 0, 1,000, and 10,000 SCN 
eggs per ml, respectively.   
b 
SCN Rf calculated by dividing the final fall egg counts by  initial spring egg counts.   
c 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns are not significantly different from 
each other. 
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Table 17. Effect of R. solani infestation level on average lesion rating in the greenhouse 
infestation evaluation. 
R. solani infestation level
a
  Avg. lesion rating
b
 
Zero
 
 0 c
c 
Low  2.1 b 
High  2.6 a 
a 
5 day growth of R. solani on PDA plates macerated in 1,000 ml DI water at zero, low 
and high levels; 0, 1, and 5 plates, respectively. Infested using a syringe with 2 ml of 
suspension on and around soybean hypocotyls at VE growth stage. 
b 
Root lesions were rated on a 0-5 scale as : 0= no lesions; 1= lesions ≤ 2.5 mm; 2 = 
lesions 2.5 to 5.0 mm; 3 = lesions ≥ 5 mm; 4 = lesions girdling plant/ leaves wilting; 5 = 
damped off or dead seedling. 
c 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns are not significantly different from 
each other. 
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Table 18. Summary of main effects on root length, root surface area, average diameter, number of root tips, forks, and total root 
volume analyzed with WinRHIZO 2007 Root Analysis Software in the greenhouse infestation evaluation. 
Source 
Length  
(cm) 
Surface area  
(cm
2
) 
Avg. diameter 
(mm) 
Tips 
(no.) 
Forks 
(no.) 
Volume 
(no.) 
Cultivar (C) 0.3449
a 
0.7701 0.0017 0.0080 0.9126 0.0500 
SCN infestation (S) <.0001 <.0001 0.8790 <.0001 <.0001 <.0001 
R. solani infestation (R) 0.7271 0.0751 0.4780 0.1031 0.0106 0.5391 
C X S 0.9685 0.3817 0.8798 0.7399 0.3730 0.4328 
C X R 0.9128 0.5597 0.9341 0.2873 0.8100 0.6748 
S X R 0.0580 0.1362 0.0742 0.0797 0.0467 0.1215 
C X S X R 0.2525 0.9109 0.6860 0.4246 0.9516 0.7803 
a
 Numbers are P>F values, α = 0.05. 
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Table 19. Effect of SCN infestation level on root length, surface area, tips, and volume 
analyzed with WinRHIZO 2007 Root Analysis Software in the greenhouse infestation 
evaluation. 
SCN level
a 
Length 
(cm) 
Surface area 
(cm
2
) 
Tips 
(no.) 
Forks 
(no.) 
Volume 
(cm
3
) 
Zero
 
92 a
b
 276 a 575 a 11091 a 4.9 a
 
Low 99 b 272 a 590 a 10852 a 4.8 a 
High 78 c 185 b 440 b   5972 b 3.2 b 
a 
Pipette infestation with 2 ml of zero, low, and high levels of 0, 1,000, and 10,000 SCN 
eggs per ml, respectively.   
b 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns are not significantly different from 
each other. 
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Table 20. Effect of SCN and R. solani-infestation level on root forks analyzed with 
WinRHIZO 2007 Root Analysis Software in the greenhouse infestation evaluation. 
 Forks (no.) 
SCN
a     
  Infestation levels      R. solani
b
 Zero Low High 
Zero
 
 9814 cd 10272 cd  13188 a
 
Low  11155 bc 9372 d    12030 ab 
High  5672 e 6353 e    5891 e 
a 
Pipette infestation with 2 ml of zero, low, and high levels of 0, 1,000, and 10,000 SCN 
eggs per ml, respectively.   
b 
5 day growth of R. solani on PDA plates macerated in 1,000 ml DI water at zero, low 
and high levels; 0, 1, and 5 plates, respectively. Infested using a syringe with 2 ml of 
suspension on and around soybean hypocotyls at VE growth stage. 
c 
LSMeans and the macro PDMIX800 were used to identify differences at alpha = 0.05, 
values followed by the same letter across columns are not significantly different from 
each other.
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